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ABSTRACT
With respectto the South-Hyogo Earthquake of January 17, 1995, a lot of researchresultshave been published including many studies
on the damageto pile foundations resulting from liquefaction as well as consequentlateral flow of surface ground (Mori et al, 2000
and Horikoshi et al, 2000). However, reports concerning seismicanalysesof foundations damagedby non-liquefaction causes,such
as ground shaking, are still rare. Actually, studieson non-liquefaction damageare also important becausethis kind of damagemay
occur in a more extensive scope than the liquefaction damage may. This paper summarizesa seismicanalysis of a pile foundation
damagedby ground shaking induced by the quake. The method used for the analysis is so-called Seismic Deformation Method
(SDM) that is stipulated in a new design code called Seismic Design Code for Railway Structures (the Railway Code, 1999, in
Japanese). The seismicanalysiswas conducted in the procedure as: a) responseanalysisof the damagedpile foundation; b) assessing
seismicperformance of the foundation; c) comparisonof the results obtained from the analysis and the in-situ damage investigation.
As the results, the adequacy of SDM was confirmed by the good agreementbetween the analysis and investigation. Moreover, the
damagemechanismof the foundation was elucidated basedon the data from analysisand investigation.

INTRODUCTION
OUTLINES OF FOUNDATION DAMAGED
The present time, the seismic coefficient method for
foundation design is still stipulated in many design codes,
becauseof its convenience in engineering practice. But the
biggest shortcoming for this usual method is that the load
considered is merely depending on the seismic inertia force
acting on the superstructure, and the kinematic effects due to
ground movement is neglected. However, it is thinkable that
this kinematic effect will influence the responsesof structures
in great degree during earthquakes. Especially when the
surface ground possessesa soft soil profile, this kinematic
effect may cause severe damage to foundations, which has
been testified in the past earthquakes. Therefore, a design
method to be capable of considering the kinematic effect must
be introduced to foundation design. This is the reasonwhy the
SDM be stipulated in the Railway Code. Differing from the
seismic coefficient method, the SDM can take the kinematic
effect into account by exerting foundations the load of earth
pressurethat is transferred basing on the relative displacement
between foundations and soil.
In this study, the adequacy confirmation of the SDM and the
mechanismelucidation were conducted through comparing the
data obtained from analysis with reconnaissanceof a pile
foundation damaged in the South-Hyogo Earthquake. The
methodology for responseanalysis and seismic performance
evaluation is basedon the Railway Code.
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The details about the structural characteristics of foundation,
the soil profiles as well as the crack positions of the piles are
indicated in Fig. l.(A). The main type of soil is sandy silt or
silt with gravel, and its averageN-value is 10 to 40. There is a
soil layer boundary where N-value varying sharp from 10 to
50 in the vicinity of the pile cracks at G.L.-12.4. Although the
level of underground water is rather high, near to the bottom
of footing, there was no any liquefaction traces discovered
around the foundation in the reconnaissancesoon after the
quake.
With regard to the structure, the pier of the viaduct is
supported by the grouped pile foundation consisted of 2x2
cast-in-place concrete piles, each 20Sm long and 1.2m in
diameter. From the report of the earthquake reconnaissance,
there was no damage traces observed on the metal pier, but
some cracks in the pile were discovered through a borehole
camera. All the cracks concentrate in the vicinity of the pile
head (2 cracks) and the cut-off section of reinforcing bar (3
cracks) as shown in Fig. l.(A). The widths of the cracks are
between 2 to 4mm.

ANALYSIS

WITH SDM

Analvsis

members and subgrade (yield, maximum as well as ultimate
state) in this curve, the damage process for the overall system
was handled step by slep. After the yield seismic coefficient
of the overall system being determined, the equivalent natural
period of the structure was calculated.
In order to investigate
the impact on structure response due to the frequency contents
including
in the seismic motion, the structure nonlinear
spectrum of demand-yield-seismic-coefficient
was drawn up
using the response ground motion underneath the footing.
From this nonlinear spectrum, the response ductility factor
was determined and a maximum response displacement was
The maximum
seismic coefficient,
then, was
inverted.
obtained by plotting the maximum displacement into the loaddisplacement curve. This maximum value was used for the
response analysis with SDM in the next step.

Flow

Since the purposes of this study are: 1) IO elucidate the
damage mechanism of the pile foundation; and 2) to check the
adequacy of the SDM, the precision of the material parameters
is important.
The material parameters, including the strength
of concrete, reinforcement and soil, were determined from site
investigation or specimen tests. The general analysis flow is
shown in Fig. 2. First, the maximum displacement/strain
and
the convergent
shear modulus of each soil layer were
calculated by response analysis of surface ground using the
acceleration record of Kobe University as the input ground
motion at the bedrock (Fig. l.(D)).
Secondly, the coefficients of subgrade reaction during the
quake were estimated from these convergent moduli and a
numerical calculation model for static nonlinear analysis of
the ground-foundationsuperstructure system was built. Then
a load-displacement
curve of the overall system was drawn up
based on the results calculated.
By plotting the limit state of

Finally, using the SDM the maximum
responses of the
foundation
were calculated, and the damage level of the
foundation was then estimated according to the indexes
seismic performance defined in the Railway Code.
,
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most unfavorable cross-section forces in piles.
In order
satisfy this most severe seismic loading condition, a method
called two-step design has been proposed as the following.

the SDM

The reason to use the SDM in this analysis is that: besides the
effects of inertial force, the effects due to the displacement of
surface ground should be considered for pile foundation.
Especially,
during
an intense
earthquake
the relative
displacement between a pile and soil becomes large, and the
earth pressure exerting on the pile cannot be neglected. In this
A numerical analysis
case the SDM is a suitable choice.
model for pile foundations with the SDM is illustrated in Fig.
3. Actually, the seismic effects on a foundation induced by
inertial and kinematic
interaction
strongly depend on the
natural frequency of the structure, and always vary during an
earthquake, which makes it difficult to consider the both
inertial and kinematic effects simultaneously
in a seismic
design.
In order to make the SDM become to a practical
method for seismic design, the key problem how to determine
the combination
of inertial force and ground deformation
should be solved.
From the past study (Murono ef al, 2000), the effects
combination of inertial force and ground deformation can be
simply expressed as the following formula,

R, =/3xR,

+yxR,

(1)

where, R, = the seismic effects to be considered; R, = the
inertia force; R, = the ground deformation; and (3, y = revision
coefficient to combine R, and R,, respectively.
The physical
meaning of these two revision coefficients is that: when one of
the seismic effects reaches to lOO%, the other one is liable to
be how many percent.
Although the revision coefficients /3
and y always vary during an earthquake, what concerned for
seismic design is the most critical combination that causes the
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Based on the results of dynamic analyses (Murono et al, 1998),
the values of /3 and y is possible to be defined as the following,

structure
tg , t, = the time when ground deformation,
acceleration reaches to the peak value a,,,, , amar,respectively.
The results of various analytical cases including linear and
nonlinear responses of piers and piles are shown in Fig. 4.
the figure, the horizontal axis Q means the ratio of the
equivalent
natural period of the overall structure system
(ground-pile-superstructure)
T, and the predominant period
ground Tg . Although there are some dispersions due to the
conditions, such as the different input waves, the different
yield seismic coefficients of piers and so on, the general
varying tendency of the revision coefficients /3 and y is same.
As to the linear analysis case, in the range of T, < T, the
responses of the structure and the ground possess same phases.
But when T, > Tg the phenomena of inverse phases between
the responses of structure and ground appears. Furthermore,
the inverse degree becomes high as T, increasing.
In the
nonlinear case, however, the upper limit values of the revision
where,

3

coefficients approach to 1.0 independent on the value of a
The reason to explain this phenomena is that the values of the
maximum responses amar or S,,,, in expression (4) decrease
after yield of the piers because of the nonlinear response,
which makes the revision coefficients increase. Basing on the
results of case studies and taking the dispersions into account,
the upper limit v, and lower limit v, of the revision
coefficients are proposed as the solid lines shown in Fig. 4.

RESULTS

OF DAMAGE

ANALYSIS

Estimation

of Sub_prade Springs Dut&

the Earth-

Since the shear moduli
of soil decrease
dramatically
undergoing an intense earthquake, it is necessary to estimate
the proper values of the shear moduli that determine the
subgrade springs for structure analysis. In order to know the
possible shear moduli during the earthquake,
an inverse
analysis of the ground was conducted to obtain the convergent
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shear moduli.
Because the N values of the soil layers are
rather high and there was no available result of laboratory test
for soil specimens,
the equivalent
linearization
method
SHAKE was used. As results, the peak value of the response
ground motion underneath the footing reaches to 402.9ga1,
about 1.5 times of the input peak value 272.6gal (Fig. l.(E)).
Furthermore, the distributions of the relative displacement and
convergent strain of the ground are shown in Fig. l.(B) and
The maximum
value of the relative
(C), respectively.
displacement on the ground surface is about 100mm.
Even
though there is the concentration of strain at the boundary
the soft/hard soil layers (about G.L.-lO.O), the maximum value
is not over lo.* , which means the usage of the equivalent
linearization method SHAKE is proper to this case. In this
of subgrade
springs
during
the
way, the coefficients
earthquake were converted from the shear moduli that were
estimated from the calculated effective strains (65% of the
maximum strain).
In this study, the values of the spring
coefficients during the earthquake decreased about 50-80%
comparing with the elastic initial state. Moreover, the revision
coefficients for the effects of pile group were taken into
account in the calculation of the spring coefficients and the
effective resistant earth pressure, according
to the rules
stipulated in the Railway Code. These results estimated here
were applied to the Push Over Analysis and the analysis with
SDM in the next step.
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When using the SDM for response analysis of a structure, the
loads due to both the inertial forces and the ground
deformation are needed.
The loads come from the ground
deformation can be reverted from the relative displacements
obtained already in the previous step. The loads of inertial
forces can be determined using the nonlinear spectra method
whose details are described as the following.
First, the load-displacement
curve of the overall structure
system (ground-pile-superstructure)
was drawn up, increasing
the inertial load step by step. The result is shown in Fig. 5 and
the various limit situations of members and subgrade are
plotted in this curve. According to the definition specified
the Railway Code, the yield seismic coefficient and the yield
displacement
were determined
as 0.39
and 112mm,
respectively,
when the yield of pile occurring at the pullingout side of the pile group. Then, the secant stiffness and the
equivalent natural period of the overall structure system were
calculated as O.O035/mm and 0.9sec, respectively.
Secondly, using this secant stiffness and the response ground
motion underneath
the footing (Fig. l(E)), the nonlinear
spectrum of demand yield seismic coefficient for this case was
drawn up as shown in Fig. 6. As to the nonlinear behavior set
for the spectrum, the bilinear skeleton curve, Clough-type
hysteresis
loop and the frequency-dependent
hysteresis
damping were applied.
From this spectrum, the response
ductility factor ~=2.3 was obtained (Fig. 6). Inverting the
into the maximum response displacement
(258mm), then
4
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plotting it into the load-displacement
curve (Fig. 5), the
maximum seismic coefficient (k,,,,=O.64) was obtained.
After the maximum
finally, the responses

seismic

coefficient

was

determined,

of the pile foundation
under the loads
due to the inertial force and the ground deformation
were
calculated
with the SDM as shown in Fig. 3. Basing on the

rules specified

in the Railway Code, the values of upper limit

(~~=1,0)and lower limit (vL=-0.7)of the revision coefficients
were adopted for p and y, respectively, because of yield of the
pier and the piles. With regard to the nonlinear behavior of
the materials, the bilinear and trilinear skeleton curves were
adopted
for the subgrade
and the concrete
members,
respectively.
Furthermore,
the impact on the strength of
member due to the variation of axial force was taken into
account.
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Based on the analysis results, the damage degree of the pile
was estimated according to the damage indexes stipulated
the Railway Code. Because the main task of the new seismic
design is to assess the ductility performance of structure,
the damage indexes of members are reflected by the limit
curvatures, instead of the strengths.
The relationship of the
damage level and limit curvature is shown in Fig. 7. The
ranks of the damage levels are, basically, corresponding to the
limit curvature of yield, maximum and ultimate, respectively.
The values of response curvature of the pile members induced
by the maximum seismic coefficient are shown in Tab.1.
this table the limit values of various damage levels are also
indicated for comparing with each other.
The comparison
shows that the most severe damage of members occurring
the cross-sections of the pile top and cut-off of reinforcing bar,
and all the damage state reaches to Level 2. The distribution
of the cross-section forces of the pile caused by the maximum
loads is shown in Fig. 8, which indicates the maximum
bending moment occurring
in the vicinity
of pile top.
Furthermore,
a sketch to compare the damage situations
between the analysis and investigation is shown in Fig. 9. It
understood, from this sketch, that the plastic deformation
concentrated at the position of pile top and cut-off. Since the
analysis results are close to the investigation
ones, the
adequacy of the assessment method with the SDM is proved.
In addition to the damage level, there is another index called
stability level of foundation for assessment of the seismic
performance. Because the ductility factor equals to 2.3 (Fig.
the stable state in this case is estimated to Level 2, according
to the Railway Code.
In regard to the mechanism of the damage, the part damaged
close to the pile top were mainly caused by the excessive
inertial force, and the part close to the section of cut-off
caused by the deformation
of ground.
Even though the
response bending moment in the section of cut-off is not
larger, the strength of this part drops sharply as the
reinforcement
ratio decreasing
half.
important
Another
revelation is the special attention should be paid to the
boundary of soft and hard soil layers as shown in Fig. l(A).
The seismic damage of ground due to sharp variation of shear
stiffness between two soil layers has been confirmed in past
reconnaissance (Konagai et al, 1998).
Finally,
there is a supplementary
explanation
that this
assessment method introduced above was also applied

explain another case where a similar pile foundation endured
the same earthquake but undamaged,
been obtained (Luo et al, 1999).

and a satisfied result has

CONCLUSIONS
In order to confirm the adequacy of the SDM and elucidate the
damage mechanism of the pile group, the result comparison
between analysis and reconnaissance
was conducted.
consequence,
the SDM is testified to be proper to seismic
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design, based on the results that the damage levels and
positions calculated are close to those investigated. With
regard to the damage mechanism, the cracks near to the pile
top are liable to be caused by the inertial force of the
superstructure, and those at cut-off section by the ground
deformation.

REFERENCES
Horikoshi K., A. Tateishi and H. Ohtsu. [2000].
investigation
Earthquake.

of

piles

damaged

by

Detailed
Hyogoken
Nanbu

@, Proc. 121hWorld Conference on Earthquake
Engineering, Auckland, New Zealand, paper No. 2477.

method. @, Pro. 2Sh Conference on
Earthquake Engineering, Japan. ~~557-560 (in Japanese).

seismic deformation

Mori S., A. Numata and B. Guan. [2000]. Damage to a Pile
due to Liquefaction Ground Motion. @, Proc. 121h
World Conference on Earthquake Engineering, Auckland,
New Zealand, paper No. 0811.

Foundation

Murono, Y., A. Nishimura and S. Nagatsuma. [1998]. Seismic
response of pile foundation in soft ground and its application
to seismic design. @, Journal of Structural Engineering,
Vol.44A, JSCE, pp.631-640, (in Japanese).

Built up in Soil in Recent Intense Earthquakes.

Murono Y. and A. Nishimura. [2000]. Evaluation of seismic
force of pile foundation induced by inertial and kinematic
interaction. @I, Proc. 121hWorld Conference on Earthquake

Luo, X., A. Tanaka, Y. Murono and A. Nishimura. [1999].

SDCRS, [ 19991. Seismic Design Code for Railway Structures,
Drawn up by Railway Technical Research Institute, Published
by Maruzen (in Japanese).

Konagai, K. X., Luo and A. Nishimura. [1998]. Displacement
@, Pro. 2”d
Japan-UK Workshop on Implication of Recent Earthquakes on
Seismic Risk, Ferrite Hall, Tokyo Institute of Technology,
Japan, April 6-8.

Methodology

for

Paper No. 6.18

damage

analysis

of pile

group

with

the

Engineering, Auckland, New Zealand, paper No.1496.

